Expression of MCP-1 in the central nervous system (CNS) is associated with various neuroinflammatory diseases, including multiple sclerosis (MS) and experimental autoimmune encephalomyelitis (EAE). In this study, we found that MCP-1 was decreased in the CNS but increased in the gut following oral administration of myelin basic protein (MBP) correlating with protection from EAE. To study the trafficking and the fate of T cells during oral tolerance, MBP-specific TCR transgenic (Tg) CD4 þ T cells were labeled using 5,6-carboxy-succinimidyl-fluoresceinester (CFSE) and transferred intravenously to syngeneic B10.PL recipients before feeding with either MBP or PBS. We observed that the CFSElabeled T cells traffic to the peripheral lymphoid tissue and the Peyer's patches (PP). The labeled T cells proliferate in vivo in both the lymph node and the PP 48 h after MBP feeding, but the cells are maintained in the PP longer than in the LN. CFSE-labeled cells in the PP have high levels of CD69 and Fas expression which is accompanied by increased apoptosis after MBP feeding. Our observations suggest that oral administration of autoantigen induces an elevation of MCP-1 in the gut, early T cell trafficking and activation in the periphery and the PP, followed by deletion of autoreactive T cells in the PP.
Introduction
Experimental autoimmune encephalomyelitis (EAE) shares many features in common with multiple sclerosis (MS). Nearly all therapies that have been tested in MS clinical trials were first tested in EAE, which is a T cell-mediated autoimmune disease of the central nervous system (CNS). EAE is induced by immunization with myelin components including myelin basic protein (MBP), proteolipid protein (PLP), myelin oligodendrocyte glycoprotein (MOG) or myelin derived peptides [1] . Immunization of SJL (H-2 s ) or B10.PL (H-2 u ) mice with MBP or MBP-derived peptides in adjuvant induces a relapsingeremitting or chronic form of EAE [2] . MBP T cell receptor (TCR) transgenic (Tg) mice bred on to the B10.PL background, recognize the NAc1-11 immunodominant epitope of MBP and are highly susceptible to EAE induction [3] .
We and others have shown that the oral administration of MBP prior to encephalitogenic challenge results in protection from clinical signs and histopathologic changes of EAE in rats [4e6], in B10.PL mice [7, 8] and in MBP TCR Tg mice [10, 11] . The primary mechanisms of oral tolerance include anergy, deletion [5,10e13] , and active suppression mediated by regulatory T cells including CD4 þ
CD25
þ [14, 15, 18] , Th3 [16] , or Tr1 cells [17] .
Recently, CC chemokines have been shown to play a role both in the pathogenesis of EAE and in the induction of oral tolerance [19, 20] . It has been noted that CCL2/MCP-1 and its receptor CCR2 are expressed in the CNS, associated with neuroinflammatory diseases, such as MS and EAE [21] . MCP-1 has been shown to play a role in development of antigen specific oral tolerance [20] , through induction of IL-4, which potentiates the development of Th2 cells [19, 20] . Chemokine production within the gastrointestinal compartment and mucosal lymphoid tissue is thought to direct leukocyte trafficking and/or differentiation of T helper lymphocytes, which subsequently influences peripheral immune responses.
We previously reported that CC chemokines are increased in the CNS in MBP TCR Tg mice with spontaneous EAE [23] . In this study, we hypothesize that autoreactive T cells are attracted to the site of oral Ag deposition where they will interact with specific antigen. We determined CC chemokine production in the gut as well as in the CNS during the course of disease with or without oral administration of MBP. To study the migration of antigen-specific T cells, small numbers of TCR transgenic T cells were labeled with 5,6-carboxy-succinimidyl-fluorescein-ester (CFSE) and adoptively transferred into normal syngeneic recipients [22e25] followed by antigen feeding. Following the CFSE labeled cells in vivo, we observed that the cells behaved differently in the lymph node and PP compartments. Our results suggest that the PP represents a preferential site for antigen-specific T cell deletion in oral tolerance.
Materials and methods

Animals
Va4/Vb8.2 MBP TCR Tg mice [3] were extensively backcrossed onto the B10.PL background, bred and housed in a clean SPF facility at The Ohio State University. Mice were screened by flow cytometry using peripheral blood leukocytes labeled with monoclonal antibodies directed against the clonotypic TCR (G19) or Vb8.2 and CD4. The clonotypic antibody (G19) was a gift from Dr Juan J. Lafaille. Transgenic animals were used in experiments at 6e8 weeks of age.
Neuroantigens
MBP was extracted from guinea pig spinal cords (Harlan Bioproducts for Science, Inc., Indianapolis, IN) using the method of Swanborg [26] .
Induction of oral tolerance
Mice were deprived of food but not water for 4e6 h before oral administration of Ag. Mice were then given a total of 20 mg MBP suspended in 0.5 ml of PBS or PBS alone administered by gastric intubation. Immunization for EAE followed 7 days after the single feeding.
Induction of EAE
Mice were injected intradermally with 200 mg guinea pig MBP combined with complete Freund's adjuvant (CFA) containing 200 mg Mycobacterium tuberculosis, Jamaica strain, over 4 sites on the flank. Mice also received two i.p. injections of 200 ng pertussis toxin (List Biological, Campbell, CA), at the time of MBP injection and 48 h later. Animals were observed daily for clinical signs and scored as follows: limp tail or waddling gait with tail tonicity 1þ, waddling gait 2þ, partial hind limb paralysis 3þ, full hind limb paralysis 4þ, death 5þ.
Analysis of MCP-1 by ELISA
Deeply anesthetized mice were perfused with 50 ml of 0.2% D-glucose in PBS (pH 7.4) via the left ventricle. The brain, spinal cord, and small intestine were removed and homogenized in 2 ml of PBS (pH 7.4). Supernatants obtained by centrifugation at 10,000 Â g for 10 min were frozen at À70 C until assay [27] . MCP-1 levels were quantitated using ELISA (R&D Systems, Minneapolis, MN). Tissue chemokine levels were expressed relative to total protein, measured using a protein quantification kit (Pierce, Rockford, IL).
Purification of CD4
þ T cells
Single-cell suspensions were prepared from peripheral (inguinal, axillary, brachial, cervical, deep cervical, popliteal, periaortic) lymph nodes (pLNs), mesenteric lymph nodes (MLN) and spleens of naive MBP TCR Tg mice. CD4 þ cells were purified by positive selection using magnetic bead columns (Miltenyi Biotec Corp., Auburn, CA). Cells were washed, counted, and incubated with magnetic bead conjugated anti-mouse CD4 (L3T4) (Miltenyi) for 15 min at 4 C. Magnetically labeled CD4 þ cells were eluted from selection columns (Miltenyi). Purity of CD4 þ cells was routinely >95%.
CFSE labeling of CD4
þ T cells and adoptive transfer
Purified CD4
þ T cells from pooled LN/MLN and spleen cells (1:1) from na€ ıve Va4/Vb8.2 mice were incubated with 5 mM CFSE (Molecular Probes, Eugene, OR) for 15 min. Cells were washed and transferred to sex matched B10.PL mice by i.v. injection (5e8 Â 10 6 labeled cells/mouse). Labeling efficiency was determined to be greater than 98% by flow cytometery.
PP cell preparation
PP were excised from the wall of the small intestine, slit using a surgical blade and then teased gently in RPMI 1640 medium containing 10% fetal bovine serum (FBS). The cell suspension was passed through a stainless steel screen to remove cell debris and washed twice.
Flow cytometric analysis
Single cell suspensions from the pLNs and the PP were stained for Vb8.2, CD69 and Fas (Pharmingen, San Diego, CA) with PE-conjugated mAb or CD4 with Cy-chromeconjugated mAb respectively using three-color flow cytometry. Isotype control mAbs (Pharmingen) were matched for fluorochrome and used to set cursors. Lymphocytes were gated based on forward versus side scatter and a total of 200,000e 500,000 events were analyzed on an EPICS XL flow cytometer (Coulter, Miami Lakes, FL).
Cell deletional analysis
PP cells were incubated with anti-Vb8-PE for detection of the transgenic TCR. After washing, the cells were labeled with Annexin-V-Alexa 568 (Roche, Mannheim, Germany). Apoptotic cells were detected by flow cytometry using Annexin-V-Alexa 568 expression on CFSE þ
Vb8
þ cells, collecting 200,000 events per sample.
Statistical analysis
A non-parametric ANOVA with Tukey's post-hoc test was performed to determine differences between vehicle-fed and MBP-fed groups. Groups were considered significantly different at p < 0.05.
Results
Induction of increased MCP-1 in the gut by oral MBP correlates with protection from EAE
MCP-1 has been shown to play a prominent role in CNS inflammation in EAE, as well as a regulatory role in the induction of oral tolerance [20, 21, 30] . In this study, we hypothesized that MCP-1, induced in the small intestine by the oral administration of MBP, directs the autoreactive cells to migrate to the gut, thereby reducing the trafficking of autoreactive cells to the CNS and protecting mice from EAE. The data (Fig. 1A) show that control B10.PL mice, after immunization with MBP plus adjuvants, develop acute EAE (lasting from approximately day 15 to day 38) followed by disease remission around day 40e50 and subsequent relapses (starting around day 51). In contrast, mice are protected by feeding MBP 7 days prior to immunization (Fig. 1A) . It was noted that MCP-1 was decreased in both brain (Fig. 1B ) and spinal cord (Fig. 1C ) in MBP-fed mice; however, MCP-1 was increased in the small intestine ( Fig. 1D ) of MBP-fed mice on days 9 and 12 after MBP immunization. We also determined MIP-1a and RANTES in the CNS and the gut, but there were no significant differences between MBP-fed and vehicle-fed groups (data not shown). Taken together, the data suggest that the induction of increased MCP-1 in the gut by feeding autoAg may play a role in the protection of mice from EAE.
T cells traffic to both the lymph node and Peyer's patch after oral administration of MBP
Are autoreactive T cells attracted to the gut in response to increased CC chemokine levels? To answer this question, we employed a transfer system [28] to avoid influences of immunization and adjuvant. CD4
þ T cells (containing 88.6 AE 7.4% 
G19
þ Tg cells) were purified from na€ ıve MBP TCR Tg mice, labeled with CFSE and transferred i.v. into sex-and agematched B10.PL mice. One day later, the recipients were fed 20 mg MBP or PBS. We determined the percentage of CFSE þ cells in the CD4
þ T cell population from the lymph node and PP on the indicated day after feeding. Fig. 2 shows that CFSElabeled Tg cells traffic to the peripheral LNs ( Fig. 2A) and to the PP (Fig. 2B ) as a result of antigen feeding. This same pattern is observed in the spleen and mesenteric LNs (data not shown). The labeled T cells peak in the LN at 48 h and in the PP on day 7 after feeding ( Fig. 2B) . We found very few CFSE þ cells amongst the intraepithelial lymphocytes (IEL) and lamina propria lymphocytes (LPL) (data not shown), and therefore we focused on the PP.
We also followed the CFSE þ cells in vivo to determine their levels of proliferation in the pLN and the PP. As shown in Fig. 3A , in vivo proliferation is not evident 1 day after MBP feeding in either vehicle-fed or MBP-fed groups, as indicated by the retention of the CFSE label in Vb8 þ cells. However, decreased intensity of CFSE staining appeared on day 2 and day 3 after MBP feeding in both the pLN and the PP, indicating that the transferred cells were dividing in both organs. Interestingly, by day 7, in vivo proliferation was observed in nearly all transferred cells in the PP but not the pLN from the MBP-fed group (Fig. 3A,B) . The results show that autoreactive T cells traffic (Fig. 2) and proliferate (Fig. 3) in both the peripheral LN and the PP at early timepoints (day 2 and day 3) following MBP feeding. The shift in CFSE þ cell number and proliferative activity from the lymph node to the PP suggests an active migration of antigen-specific cells to the PP. The PP may be a relevant site for activation induced cell death for autoreative T cells activated by orally delivered MBP.
Increase in activation and deletion of autoreactive T cells in the Peyer's patches
To determine the relationship between in vivo proliferation and activation, we analyzed the activation marker CD69 on CFSE þ cells 7 days after MBP feeding. Fig. 4 shows that expression of CD69 is elevated in the PP greater than in the LN in the MBP-fed group. Therefore, the in vivo proliferation of autoreactive T cells (Fig. 3) is accompanied by activation in the PP at the day 7 timepoint after MBP feeding.
Apoptosis can occur through Fas/FasL interactions which have been shown to be critical for peripheral tolerance and lymphoid homeostasis [31] . We previously reported that feeding high dose MBP to MBP TCR Tg mice induces early T cell activation and TCR downregulation which precedes deletion in the MLN [10] . In order to further elucidate the mechanisms of oral tolerance in the gut, we determined the expression of apoptosis markers such as Fas and Annexin-V in the CFSE þ T cells. Annexin-V is a Ca 2þ dependent, phospholipid-binding protein with high affinity for phosphatidylserine, testing early stages of apoptosis. We observed higher levels of Fas expression (Fig. 4) and Annexin-V (Table 1) on CFSE þ cells in the PP from MBP-fed mice on day 7 when compared with vehiclefed controls. A similar extent of increase in CD69 and Fas was also observed in the lymph node of MBP-fed mice versus controls. However, Annexin-V staining of CFSE þ cells in the LN was not different between MBP-fed and vehicle-fed mice (data not shown). The results with Annexin staining in the Peyer's patch confirm earlier studies by Chen et al. [12] who showed a large number of TUNEL-positive cells in the dome area of the Peyer's patches from mice fed high doses of ovalbumin. Taken together, the data suggest that oral administration of MBP induces proliferation of in vivo activated autoreactive T cells in the PP, that leads to the death of Ag-specific T cells. Therefore, these results suggest that the PP as well as the MLN represent sites for deletion of autoreactive T cells in oral tolerance.
Discussion
MCP-1 or CC chemokine ligand 2 (CCL2) has been shown to be expressed in the CNS of MS patients and in mice with EAE [21] . MCP-1 can be induced in many cell types and has been reported to affect the migration of memory T lymphocytes, dendritic cells, natural killer cells and microglia [29] . Studies in EAE using neutralizing Ab, transgenic and knockout models imply a pathogenic role for MCP-1 in CNS inflammatory demylination [30, 32, 34] . Anti-MCP-1 treatment of mice, but not treatment with anti-MIP-1a, was shown to suppress the clinical severity of ongoing relapsing EAE [30] . On the other hand, MCP-1 has also been reported to regulate oral tolerance by downregulation of mucosal IL-12 expression and increased mucosal IL-4 production [20] . We propose that the function of MCP-1 is linked to its location in oral tolerance and in EAE: playing a pathogenic role in recruitment of encephalitogenic cells to the CNS but a regulatory role in recruitment of T cells to the gut induced by oral auto-Ag. Our data show that oral administration of MBP induces less MCP-1 in the CNS and higher levels in the gut in the MBP-fed group relative to the vehicle-fed controls (Fig. 1B,C) . We elected to use vehicle-fed mice in these studies to properly control for periods of food deprivation as well as stress effects of feeding. Local increased chemokine production in the gut leads to T cell trafficking to the Peyer's patch (Figs. 2 and 4) . Labeled Tg þ cells were not detected in the CNS of non-immunized mice in these experiments (data not shown), and activated Tg cells were significantly reduced in the CNS of Va2.3/Vb8.2 MBP TCR Tg mice directly fed MBP compared to vehicle-fed mice (Song et al., unpublished data). Oral administration of autoAg likely leads to the recruitment of fewer activated T cells into the CNS.
In this study, we undertook a comparison of a peripheral and a mucosal lymphoid tissue site for trafficking of relevant cells and their ultimate function in those sites (peripheral lymph node and Peyer's patch) during induction of oral tolerance. In the lymph node, antigen feeding resulted in an increased number of labeled antigen-specific cells migrating there within 48 h which did not happen when vehicle was fed (Fig. 2) . During this same time frame, an equivalent number of labeled cells migrated to the Peyer's patch whether mice were fed antigen or vehicle. In both sites, there was an equivalent amount of proliferative activity. By day 3 after antigen feeding, interesting differences started to emerge between the two sites. In the lymph node, both proliferation and numbers of labeled cells decreased to day 7 when relatively few proliferating cells were detected (Fig. 3) . In contrast, levels of proliferating cells continued to increase with time after feeding in the PP out to day 7. The preferential decrease in cell number and proliferative activity in the LN could reflect death of labeled cells in the LN or migration of cells to the PP. The increase observed in the PP later after antigen feeding would suggest the latter possibility. Migration of cells to the PP is also suggested by a lack of evidence for apoptosis in the LN as a result of antigen feeding.
The extent of T cell activation in the PP led us to explore the fate of those T cells and whether there was massive proliferation/expansion occurring or deletion (Figs. 2e4 and Table 1 ). It is known that feeding large doses of antigen such as were fed in these studies (20 mg) results in anergy and deletion of antigen-specific T cell populations [10] . Therefore, the demonstration of activation-induced death in the PP as evidenced by Annexin positivity (Table 1) in the PP of MBP-fed mice showed that deletion was occurring. One earlier report [12] had shown apoptosis in the PP by TUNEL staining following ovalbumin feeding of an ovalbumin TCR transgenic mouse. The transit of orally administered antigen through the gut mucosa is thought to follow one of two paths [33] . First, in the case of large antigen doses, antigen can traverse the epithelium into the bloodstream, or go through the portal circulation to peripheral lymphoid tissue. Another pathway is the transport of Ag through the M cells into the PP, where it is taken up by dendritic cells (DCs). DCs present MBP to Ag-specific T cells which are activated and proliferate in the PP and mesenteric LN [10] . The data represented here show an increase in Fas expression at the later timepoint that appears to promote T cell deletion in the gut. Suvannavejh et al. reported that Fas-deficient mice have significantly elevated clinical scores of EAE and reduced remission rates [40] . These findings suggest that apoptosis plays a critical role for mediating remissions of relapsing EAE that indirectly support our data. Therefore, protection from EAE may result from a decrease in the number of activated T cells trafficking to the CNS [34] , due to deletion of autoreactive cells in the gut and periphery.
It has been noted that M cells and PPs play important roles in the induction of oral tolerance, since oral tolerance is not observed in lymphotoxin a (TLa À/À ) and b (TLb À/À ) knockout mice [35, 36] as well as in mice treated with TLb receptor Ig fusion protein, all of which lack PPs [37] . In contrast, Kraus et al. reported that both high-and low-dose tolerance could be induced in the absence of PPs using a ligated small bowel loop system [38] . The authors observed a reduction in OVA-specific T cell proliferation, serum antibody responses and Th1 cytokines in PP-containing loops and in loops without PP in their OVA experimental system in BALB/C mice [38] . However, the authors did not study whether activation induced cell death played a role in oral tolerance in their OVA system (nondisease model). Our observation that the PP is a site for deletion of autoreactive T cells was based on oral administration of self-neuro-Ag in an autoimmune disease model using a cell transfer system.
The possibility exists that the PP may be a major site, but not the exclusive site for T cell deletion in oral tolerance. Our previous work has shown evidence for deletion occurring in the MLN around the same time as we observe deletion in the PP [10] . More importantly, it should be recognized that mechanisms other than deletion are likely operative in oral tolerance, such as T regulatory cells. One can envision that several mechanisms (deletion, anergy, immune deviaion, and T regulatory cells) may work in concert and at separate locations which serve to render an antigen-fed animal tolerant to the fed antigen.
Recently, Depaolo et al. has reported that both MCP-1 and its receptor CCR2 are critical for the induction of oral tolerance since MCP-1 À/À and CCR2 À/À mice did not exhibit oral tolerance in response to OVA feeding [39] . The authors concluded that MCP-1 and CCR2 regulate Ag presentation, and their absence leads to a disruption in the balance of inflammatory and regulatory cytokines. In addition, Karpus et al. reported that oral administration of antigen (PLP in SJL mice) was associated with an increase in intestinal mucosal MCP-1 and IL-4 [20] . It is possible that MBP feeding may also induce the production of suppressive cytokines such as IL-4, IL-10 and TGFb in the gut of recipient mice. Our preliminary observations show IL-10 production in the PP on day 3 only in the MBP-fed group (data not shown), and the expression of CD25 on CFSE þ cells is not significantly different between MBP-fed and control groups (data not shown). Thus, the model suggests that the mechanisms of oral tolerance include both anergy/deletion and regulatory cells.
Recently, new evidence has emerged to indicate that self antigens (including MBP and MOG) may be post-translationally modified into new epitopes. Lolli et al. [9] designed an antigenic probe for measuring IgM autoantibodies in the sera of MS patients. This probe recognized autoantibodies specific for myelin and oligodendrocyte antigens and was present in MS sera but not other autoimmune diseases, suggesting its use as a new biomarker for MS. This development suggests that a broader array of self antigens and modified self antigens should be targeted for therapeutic consideration in autoimmunity rather than a focus on nascent myelin antigens.
In summary, the present study provides evidence that T cell deletion by a mechanism of activation induced cell death in the gut plays an essential role in the induction of oral tolerance. We show that the PP is an important site for clonal deletion of autoreactive T cells in oral tolerance. Understanding the roles of the PP in the induction of tolerance pathways in EAE may provide new insights into immunotherapy for the treatment of MS.
